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We describe the evolution of the static and dynamic spin correlations of La1−xCaxMnO3, for x=0.1,
0.125 and 0.2, where the system evolves from the canted magnetic state towards the insulating ferro-
magnetic state, approaching the metallic transition (x=0.22). In the x=0.1 sample, the observation
of two spin wave branches typical of two distinct types of magnetic coupling, and of a modulation
in the elastic diffuse scattering characteristic of ferromagnetic inhomogeneities, confirms the static
and dynamic inhomogeneous features previously observed at x<0.1. The anisotropic q-dependence
of the intensity of the low-energy spin wave suggests a bidimensionnal character for the static in-
homogeneities. At x=0.125, which corresponds to the occurence of a ferromagnetic and insulating
state, the two spin wave branches reduce to a single one, but anisotropic. At this concentration, an
anomaly appears at q0=(1.25,1.25,0), that could be related to an underlying periodicity, as arising
from (1.5,1.5,0) superstructures. At x=0.2, the spin-wave branch is isotropic. In addition to the
anomaly observed at q0, extra magnetic excitations are observed at larger q, forming an optical
branch. The two dispersion curves suggest an anti-crossing behavior at some q0’ value, which could
be explained by a folding due to an underlying perodicity involving four cubic lattice spacings.
PACS numbers: 74.50.C, 75.30.K, 25.40.F, 61.12
I. INTRODUCTION
The doped rare-earth manganites have now been stud-
ied for several decades1,2. They have raised up a re-
newed interest because of their colossal magnetoresis-
tance observed beyond a critical value of doping rate.
However, the physics driving these properties are still
unclear. At low doping, the nature of the magnetic
ground state is still a well-debated issue. From a the-
oretical point of view, depending on parameter values,
the foundamental state can be either an homogeneous
canted antiferromagnetic state3,4 or an inhomogeneous
state with a phase separation between hole-rich (Mn4+)
ferromagnetic regions and hole poor (Mn3+) antiferro-
magnetic domains4–9. At higher concentrations, the ex-
istence of a ferromagnetic and insulating phase is also
very intringuing. It stresses out that the double-exchange
(DE) coupling alone, which predicts a ferromagnetic and
metallic state is unsufficient to explain the magnetic
properties10,11. Around a doping rate of x=0.125, sev-
eral works on the Sr-doped compounds have reported
anomalous structural and magnetic properties at low
temperature12,13, interpreted in terms of a new orbital
ordering14 in these systems. A comparison with Ca-
substitution is needed for a deeper understanding of these
effects.
Neutron scattering is a very powerful technique to de-
scribe, at an atomic scale, the evolution of a magnetic
system from an insulating state to a metallic one. In pre-
vious papers devoted to the x = 0, x = 0.05 and x = 0.08
of Ca concentration15–18 several features have been es-
tablished. i) Bragg peaks, at low temperature indicate
a mean canted antiferromagnetic state. ii) Diffuse scat-
tering is observed, characteristic of ferromagnetic inho-
mogeneities of characteristic size, distributed in a quasi-
liquid order. These inhomogeneities have been attributed
to hole-rich regions, embedded in an hole-poor medium.
iii) The spin dynamics, where a high-energy and a low-
energy spin-wave branches are observed, reflects both the
mean antiferromagnetic canted state and the inhomoge-
neous features. The high energy spin wave, can be de-
scribed by two superexchange (SE) couplings, as in pure
LaMnO3, characteristic of the A-layered antiferromag-
netic structure. The low energy spin-wave branch is char-
acteristic of an isotropic ferromagnetic coupling. The q-
dependence of its susceptibility reveals a tight connection
with the ferromagnetic inhomogeneities. This new ferro-
magnetic coupling has been suggested to be related to
double-exchange (DE). So, the Ca-doped compounds, at
low values of doping, exhibit both homogeneous and in-
homogeneous magnetic features. The same observations
have been found in a Sr-doped compound19, showing
the general character of these observations in low-doped
manganites.
In this paper we present a new neutron scattering
study at three concentrations, 0.1, 0.125, and 0.2, allow-
ing a general survey of the concentration range where the
system, still an insulator, approaches the metallic state.
The phase diagram, established in the 0≤x≤0.2 range
is pecularly studied in the 0.125≤x≤0.2 range, where,
below the ferromagnetic transition temperature, a struc-
tural transition appears. The spin dynamics is deter-
mined along the two relevant q-directions for the A-type
structure, [110] and [001]. In the x = 0.10 compound
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which exhibits many features similar to the 0<x<0.1
compounds, we observe a strong anisotropy in the q-
dependence of the low-energy spin wave intensity, that
we relate to a two-dimensional character for the static
ferromagnetic clusters. At x = 0.125, an abrupt change
occurs. We no more observe a modulation in the diffuse
scattering, suggesting a percolation of the ferromagnetic
clusters. Moreover, the spin dynamics reduces to a single
spin wave branch, anisotropic, with an anomaly at some
q0=(1.25,1.25,0). At x = 0.2, the spin wave dispersion
is isotropic. Whereas the most intense excitations al-
low to define the dispersion curve of a usual ferromagnet
with a small anomaly at q0 as for x = 0.125, addition-
nal magnetic excitations are observed at larger q, forming
an optical branch. They reveal a more complex magnetic
state, suggesting a high sensitivity of the magnons to an
underlying structural periodicity.
The paper is organized as follows. Experimental de-
tails are given below, in this introduction. The structural
and magnetic phase diagram for the 0≤x≤0.2 concentra-
tion range is presented in section II. Diffuse scattering
experiments obtained for x=0.05, 0.08, 0.1 and 0.125 are
reported in section III. The spin dynamics observed for
x=0.1,0.125 and 0.2 is described in section IV and, finally,
section V is devoted to a discussion and conclusion.
Single crystal of La0.9Ca0.1MnO3 was grown by a float-
ing zone method associated with an image furnace at the
Laboratoire de Physico-Chimie de l’e´tat Solide in Or-
say, France, with a volume of about 0.4 cm3. Samples
with higher Ca concentrations, were grown by the same
method at the MISIS Institute of Moscou, with simi-
lar volumes. Preliminary results are also reported for
x=0.17. The mosaicity of these samples is small: 0.6◦,
0.5◦ and 0.5◦ for the x = 0.1, 0.125, 0.17, 0.2 doped com-
pounds, respectively. The Ca concentration has been
checked by comparing the lattice parameters with the
previous determination of Matsumoto20, and, for x =
0.125 and x = 0.17, by performing surface microscopy.
A good agreement is also found with the phase diagram
of Cheong, published in Ref. 21, except for the sample
with nominal concentration x = 0.2, which would rather
correspond to x = 0.19. Nevertheless, in the following we
keep the nominal concentration x=0.2. All our samples
are twinned in three space directions, but for x = 0.1 and
0.125 and x = 0.17, the orthorhombicity is large enough
to allow the resolution of the Bragg peaks corresponding
to different domains.
Neutron scattering experiments were performed on
several triple axis spectrometers installed either on ther-
mal or cold neutrons source at the Orphe´e reactor of
Laboratoire Le´on Brillouin (1T, 4F1, 4F2, G43) and
at the reactor of Institut Laue Langevin (IN14). Elas-
tic spectra have been obtained using a wave vector of
ki = kf = 1.55A˚
−1 associated with a Berylium filter and
tight 10’-10’ collimations. Energy spectra were measured
using various fixed outcoming wave vectors kf (from
2.662 to 1.05 A˚−1) and pyrolytic graphite or berylium
as filter. All the samples were oriented with a horizontal
(001,110) scattering plane, defined in Pbnm symmetry
(c/
√
2 < a < b) except for the x = 0.2 single crystal
which was studied in all q directions.
Macroscopic magnetization measurements were per-
formed at Laboratoire de Physico-Chimie de l’e´tat Solide
in Orsay and at the SPEC (CEA-Saclay) with a SQUID
magnetometer, for fields up to 5T.
II. STRUCTURAL AND MAGNETIC
PHASE DIAGRAM
Structural and magnetic transition temperatures have
been determined from Bragg peak intensities using elas-
tic neutron scattering and are reported in Fig. 1.
1) Structural transition
In Fig. 1, the solid line through the filled squares
can be identified as the Jahn-Teller transition temper-
ature TOO′ . There, the system evolves from a pseudo-
cubic phase with a dynamical Jahn-Teller effect to an
orthorhombic Pbnm phase with a cooperative and static
Jahn-Teller effect. We observe a strong decrease of the
structural transition temperature from TOO′ = 750K
in pure LaMnO3
22 to TOO′ = 200K at x = 0.2. Ac-
tually, TOO′ has been determined from the increase of
the q linewidth, which locates the temperature where a
single Bragg peak in the O phase splits into two ones
in the O’ phase due to twinning. Below x = 0.2, the
experimental q-resolution allows a determination of the
cell parameters in the orthorhombic phase, as shown in
Fig.2-a and Fig.2-b for x = 0.1 and x = 0.125, respec-
tively. For x = 0.2, the Bragg peaks are not resolved
whatever the temperature in the O’ phase located below
200K . At x≥0.125, a further decrease of the orthorhom-
bicity is observed below 100 K, indicating a re-entrance
for the high-temperature pseudo-cubic phase. We call TB
the temperature of the inflexion point of this variation.
Very interestingly, the same anomaly has been observed
in Sr-doped samples12,13,23,24. In La0.875Sr0.125MnO3,
where TB is called TO′O”, this variation has been shown
to correspond to a rapid change in two of the three
Mn-O distances13. Although the same evolution is ex-
pected for these Ca-doped samples, such a structural
study is lacking. Moreover, in Sr-doped compounds,
new Bragg reflexions occur below T=TO′O”, namely at
(0,0,2l+1) which are forbidden in Pbnm symmetry13,12
and (0,0,l+0.5)37. They have been related either to a
polaron ordering37 or to a new orbital ordering?. In the
present study, nuclear (0,0,2l+1) peaks are actually de-
tected at x = 0.2 only, with a small intensity and in
the whole studied temperature range (10K≤T≤300K),
whereas the superstructures (0,0,l+0.5), searched for at
x=0.125 and x=0.2, have not been found.
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FIG. 1. (T,x) phase diagram of La1−xCaxMnO3, deter-
mined by neutron scattering measurements on single crystals.
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2) Magnetic structure
As reported in Fig. 1, below TOO′ , two magnetic tran-
sitions are observed.
For x = 0.1, a ferromagnetic transition occurs at
TC = 138K, and an antiferromagnetic ordering of spin
components occurs at TCA = 112K. This succession of
phases has been predicted by de Gennes3, for some value
of the parameters of the mean field model. Interestingly,
the direction of the ferromagnetic spin component shows
a complex evolution with temperature, reflected in the
τ= (001), (002), (020) and (200) Bragg peak intensi-
ties reported in Fig. 3-a, 3-b, 3-c respectively. In the
neutron cross-section, the geometrical factor implies that
only spin components perpendicular to Q can contribute
to the scattering intensity. Therefore, between TC and
TCA, the observation of a constant intensity for the (020)
Bragg peak (Fig 3-c) indicates that spins are aligned
along the b axis. At TCA, Rietveld refinements indi-
cate that an antiferromagnetic component develops also
along b, keeping the Ay type structure found for x < 0.1.
The concomitant decrease of the (002) Bragg peak inten-
sity (Fig 3-b) reflects a rotation of the ferromagnetic spin
component from b to c axis, as antiferromagnetism de-
velops. This effect was not observed at x = 0.08, where
TC and TCA are very close to each other, and the ferro-
magnetic spin component is along c at all temperatures.
Therefore, at low temperature, the mean spin compo-
nents deduced from Bragg peaks consist in an antiferro-
magnetic component along the b axis, a ferromagnetic
one along the c axis, and another small ferromagnetic
component along the a axis. From this spin configura-
tion, we define a mean canting angle (angle between the
spin direction and the direction b of the antiferromag-
netism) equal to θc = arccos(sin θ sinφ) = 61.5
◦ ± 5◦.
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FIG. 3. La0.9Ca0.1MnO3. Integrated intensities versus
temperature (a) of (001) (b) (002) and c) (020) (filled cir-
cles) and (200) (open circles) Bragg peaks.
The concentration dependence of the canting angle θc
deduced from observations in the 0<x≤0.1 range is re-
ported in Fig. 7. A strong jump of θc is observed between
x = 0.08 and 0.1. This abrupt increase of the ferromag-
netic component is correlated with its rotation in the
(c,a) plane. This fast evolution beyond x = 0.08, departs
from the smooth cosine law predicted by de Gennes3.
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FIG. 4. Evolution of the canting angle with doping. The
full line is a guide for the eye.
At x = 0.125, TC = 155K. Below 110K, a very small
increase of the (0,0,2l+1) Bragg peaks indicates the oc-
curence of a small antiferromagnetic spin components or
a residual canting in this sample. Resistivity measure-
ments performed on this sample, indicate a small de-
crease just below TC , with an upturn below 110K where
this compound becomes insulating26. Finally, we men-
tion an anomalous increase in the temperature varia-
tion of some magnetic Bragg peaks at the temperature
called TB≈ 80K (see the (112) Bragg intensity in Fig 5),
concomitant with the structural transition temperature
TO′O” (cf Fig 2-b).
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FIG. 5. La0.875Ca0.125MnO3. Integrated intensities of
(110), (112) and (002) Bragg reflections versus temperature.
At x = 0.2, TC is determined at 185K (Fig. 6).
No increase of intensity is detected in the temperature
variation of the odd-integer (0,0,2l+1) Bragg peaks, so
that this compound is fully ferromagnetic. The resistiv-
ity exhibits a downturn at TC but it still increases at
lower temperature26. Our results agree with previous
publications, where the metal/insulator transition at TC
has been observed at xCa≈0.2227,28, as indicated by the
hatched area in the phase diagram (Fig. 1).
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FIG. 6. La0.8Ca0.2MnO3. Integrated intensity of (110) or
(002) Bragg peaks versus temperature. At 50K, the various
points roughly determines two distinct values, observed as a
function of time (see the text).
As found for x = 0.125, an increase of some nuclear
and ferromagnetic Bragg peak intensity, (110) or (002) is
also observed at lower temperature, below TB=75K. Ac-
tually, its amplitude depends on the rate of cooling. At
50K, measurements of the Bragg peak (002) have been
repeated during several hours. The intensity of the peak
and its position are found to fluctuate between two close
points (Fig 6). This behaviour is typical of an unsta-
bility or a metastability with both magnetic and struc-
tural character. It can be attributed to the change in the
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twinned domain structure, at the structural transition
TO′O”. Preliminary measurements at x = 0.17, where
the resolution is sufficient to detect the structural tran-
sition at TB=TO′O”=100K, exhibit a similar anomaly.
In conclusion, a bell-shape transition line TB (x) (or
TO′O”) is defined for x>0.1 as reported in Fig 1. It cor-
responds to a ”re-entrant” structural transition where
the orthorhombicity is strongly reduced. This line is
qualitatively similar to that observed in Sr-substituted
samples29 around x=0.125, except that the correspond-
ing temperatures are larger in this latter case. Qualita-
tive differences also appear in the temperature behaviour
of some Bragg peaks in the two systems as indicated
for the (0,0,2l+1) Bragg peaks. Moreover, the super-
structures of the type Q= (0,0,l+0.5) which occur below
TO′O” in Sr-substituted sample
37 have not been detected
in the Ca-subsituted ones. A more extensive structural
study of the Ca-doped samples is planned for a complete
characterization.
4) Magnetization measurements
Magnetization measurements have been performed as a
function of temperature under a 100 Oe applied field and
at 10K under large magnetic fields. Small slabs, cut from
the four single crystals with x=0.05, 0.08, 0.1 and 0.125
have been studied. The demagnetizing field, similar in all
samples, has been minimized by allowing a free alignment
of the slab along the field. Fits of magnetization with
a Curie-Weiss law χ = C/(T − ΘP ) show that ΘP (x)
strongly increases with x and merges into TC(x) at x =
0.125. The same variation with x was found in a previous
study20.
Zero-field magnetization can be obtained by extrapola-
tion of the high field measurements to H = 0, assuming
that the volume consists of one domain ( Fig. 7). At
x = 0.05 and 0.08, a quantitative agreement is found
with the variation of the canting angle reported in Fig.
4. At x = 0.1 the magnetization is smaller than expected
from the canting angle, which could be explained by an
unaccurate determination of the volume due to twinning.
An interesting evolution of the coercitive field as a
function of x is observed, as shown in Fig. 7 and its inset.
The coercitive field first increases from pure LaMnO3 up
to x = 0.1 and reduces to a very small value at x = 0.125.
Similar observations were found in Sr doped samples30,31.
Such an hysteresis cycle indicates a pinning of the mag-
netic domains to the lattice, which increases up to x=0.1
and disappears at x = 0.125. A relation of this evolu-
tion with the growth of ferromagnetic clusters, expected
to percolate at x = 0.125 where the antiferromagnetism
disappears (cf the next section) is suggested.
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FIG. 7. Magnetic field dependence of magnetization at
T=10 K for La1−xCaxMnO3 x = 0.05, 0.08, 0.1 and 0.125.
Inset: same measurements displayed for small field values.
III. MAGNETIC DIFFUSE SCATTERING
For x = 0.08, a diffuse scattering, characteristic of
short range ferromagnetic correlations, has been already
reported17. In this section, we present the evolution of
this diffuse scattering with the Ca concentration in the
0 < x ≤ 0.125 range, using two neutron techniques: one,
with no energy analysis but a XY multidetector, and the
other one, with an energy analysis.
1) Small angle scattering with no energy analysis
Small angle neutron scattering (SANS) experiments,
using a XY multidetector, have been carried out on sam-
ples with x = 0, 0.05, 0.08, 0.1 calcium concentrations at
several temperatures. The twinned samples were ori-
ented so that the scattering plane is defined by the [110]
and [001] directions. Spectra collected in all directions
of this scattering plane with the multidetector, indicate
that the intensity is nearly isotropic. This allows to check
that the various twinned domains have equal volumes. In
Fig 8, intensities, corrected for sample transmissions, are
compared for several doping rates at T = 10K and along
the [110] direction. A strong evolution is observed be-
tween pure LaMnO3 on the one hand, showing a low and
nearly q-independent signal, and the doped samples on
the other hand, characterized by a growing q-dependent
modulation. This modulation is typical of a characteris-
tic distance between similar ferromagnetic clusters. In-
terestingly, the same experiment using X-ray scattering
5
and a linear multidetector does not show any modula-
tion (see the inset of Fig. 8 at x = 0.08 and T=300K).
Since X-ray scattering provides a good contrast between
La and Ca ions, we are sure of the absence of any chemi-
cal clustering of Ca impurities in the same q range within
these samples.
This modulation lies upon a steeply q-decreasing inten-
sity which could be assigned to nuclear scattering (dis-
locations). In this diffraction experiment with no energy
analysis, the determination of this parasitic contribution
at high temperature cannot be subtracted due to the con-
tamination of the paramagnetic excitations. Only the
large q-range, attributed to purely magnetic scattering,
can be analysed. A fit with a gaussian function, I(q)∝
exp(-q2R2), indicates an increase of ferromagnetic corre-
lation length from 2R=14 to 17 and to 19 A˚ for x vary-
ing from 0.05, 0.08 and 0.1, respectively. This is shown
in Fig. 9, where ln(I) versus q2 has been reported. We
conclude that the ferromagnetic clusters are small, and
grow very slowly with x.
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2) Small angle scattering with energy analysis.
In order to analyse the magnetic scattering in the
whole q range, elastic diffuse scattering measurements
(ω = 0) have been performed using a three-axis spec-
trometer. The 15 ≤ T ≤ 300K range has been studied
along several q directions, using ki = 1.25A˚
−1. Intensi-
ties have been put on an absolute scale, using a vanadium
sample and a transmission correction. The temperature-
independent scattering observed above TC (nuclear con-
tribution) could be subtracted from the low temperature
scattering, determining the magnetic contribution. This
magnetic signal is reported in Fig. 10-a for x = 0.05,
0.08, and Fig.10-b for x = 0.1 and 0.125 at T = 15K.
Starting from x = 0.05, the intensity of the modulation
rapidly increases up to x = 0.08 with a shift of q, at max-
imum intensity, towards larger values. Then, at x = 0.1,
the intensity keeps approximately the same value, with
a broadening of the modulation indicating additional in-
tensity at smaller q. At x = 0.125, we no more observe
any modulation but the intensity is much larger at very
small q and a flat q dependence is observed at large q.
A detailed analysis of the x = 0.08 sample has been
previously reported17. In the picture where the q-
modulation results from a characteristic distance between
small ”ferromagnetic” clusters, the intensity can be ex-
pressed as:
I(q) ∝ |∆mz |2NV V 2|F (qR)|2J(q) (1)
where F (qR) is the form factor of one cluster, J(q) is a
function which characterizes the correlations in the spa-
tial distribution of the clusters (assimilated to a liquid
distribution function). The density NV and the volume
V , are defined from the q-dependence of I(q) through the
J(q) and F (qR) functions. Such a model is based upon
two assumptions : (i) The diffuse scattering intensity
arises from the < Szi S
z
j > spin correlations, with Oz//c.
This assumption was actually checked in a previous study
6
on a x = 0.06 Sr-doped sample, thanks to the absence of
twinnning19. The ”magnetic” contrast |∆mz | is defined
as the difference between the average magnetizations mz
inside and outside the cluster.(ii) The cluster picture is
isotropic (spherical shape and isotropic cluster distribu-
tion in all directions). This latter assumption was found
to be inaccurate in the twin-free x = 0.06 Sr doped sam-
ple. Instead, a picture of anisotropic platelets, with a size
within the ferromagnetic layers about three times larger
than perpendicular to them, could be determined. In the
present case, equation (1) provides a semi-quantitative
analysis, with the 3 parameters of the model: the size
(2R), the mean distance dm and a minimal distance of
approach dmin. The dot-dashed lines in Fig. 10-a are
the best fit of the data in this model. The cluster size
varies very slowly with x, from 14A˚ for x = 0.05, to 17A˚
for x = 0.08. In this approach, the magnetic intensity
is mainly proportional to the square of the cluster vol-
ume V and to the square of the magnetic contrast ∆mz.
Therefore, the increase of the diffuse scattering by a fac-
tor ≈2 between x = 0.05 to x = 0.08, is mainly taken
into account by the increase of the cluster size from 14A˚
to 17A˚, with a magnetic contrast of ∆mz≈ 0.7µB. This
is a small contrast, indicating a rather smooth picture.
Of course, the assumption of isotropy leads to an overes-
timation of the volume, or an underestimation of ∆mz.
We note that the volume ratio between the clusters ob-
served at x = 0.05 and at x = 0.08 roughly compares
with the corresponding ratio of the hole concentrations.
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FIG. 10. Magnetic scattering observed at small angle in
La1−xCaxMnO3 (a) x = 0.05 and 0.08 and (b) x = 0.1 and
0.15.
At x = 0.1, the evolution is different from that be-
tween 0.05 and 0.08. An additional scattering intensity
is observed indicating new ferromagnetic correlations on
a scale larger than the intercluster distance. Therefore,
the evolution between x = 0.08 and 0.1, can be charac-
terized in terms of coalescence of clusters, rather than
in terms of a size variation, as for the evolution between
x = 0.05 and 0.08.
At x = 0.125, I(q) shows a strongly increasing inten-
sity at very small q, whereas a flat q-dependence persists
at large q. This signal cannot be characterized further.
This evolution is likely related to the occurence of the
percolation of the ferromagnetic inhomogeneities.
At x = 0.2, a diffuse scattering of nuclear origin is ob-
served around (2.5,2,0), that is (.25,2.25,0)c and equiv-
alent points in reciprocal space in the cubic indexation.
This is in perfect agreement with previous observations
reported in Ca-doped samples32. Since this nuclear dif-
fuse scattering indicating a short-range polaron ordering
along the [100] direction cannot be related to the spin cor-
relations described above (static) and below (dynamic),
it is not described further.
The temperature dependence of the magnetic dif-
fuse scattering observed at x ≤ 0.1 has been re-
ported previously17 showing that the intensity disappears
around the temperature for the magnetic transitionTC .
The existence of ferromagnetic clusters could be the
consequence of the polarization by a single mobile hole
as previously predicted7. However, in the present case,
the comparison between the cluster density and the hole
density rather indicates that one ferromagnetic cluster
contains several holes. In our first article17, using the
assumption of an isotropic model (same distance between
clusters whatever the q direction), we have deduced a
density of clusters, ≈ 1/60 times smaller than that of the
holes. The anisotropy discovered in the I(q) function of a
twin-free Sr-doped sample, indicates that this value has
been overestimated and could be rather ≈ 1/30. Anyway,
this value confirms the picture of a charge segregation
with hole-rich regions embedded in a Mn3+ hole-poor
network.
In conclusion, we get a picture of ”ferromagnetic ”
clusters with a diameter of about 16A˚, in repulsive in-
teraction, which grow very slightly and start to coalesce
at x = 0.1. They are observable as far as the long range
antiferromagnetic order exists (0 < x < 0.125). The
observation of a characteristic distance between the clus-
ters, as well as the observation of a ferromagnetic Bragg
peak, requires that the mean magnetization inside each
cluster is parallel to the same direction (here the c axis).
This leads to a modulated canted state picture instead
of a true phase separation.
As shown below, the study of the spin dynamics will
corroborate and specify this picture.
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IV. SPIN DYNAMICS
In section A, spin dynamics of the x = 0.1 compound
and in section (B) spin dynamics of x = 0.125 and
x = 0.20 are reported along the two [001] and [110] di-
rections of the A-type magnetic structure. In section C,
the evolution with x of the parameters determined from
the spin dynamics is displayed.
A) x=0.1: the approach
to the ferromagnetic transition
A-1) Low temperature spin dynamics: comparison with
x < 0.1.
A-1-1) The high-energy branch.
As recalled in the introduction, in this low-doped
regime, two spin wave dispersion curves are observed,
characterized as high-energy and low-energy branches.
For the high-energy branch, the assignment of a disper-
sion to the [001] or the [110] directions is unambiguous,
in spite of twinning, because of the two distinct periodici-
ties in the reciprocal space. Exemples of spectra obtained
along the [00ζ] direction, which determines the antifer-
romagnetic coupling, are reported in Fig. 11 up to the
antiferromagnetic zone boundary.
0.8 1.3 1.8 2.3 2.8 3.3 3.8
Energy (meV)
0
100
200
300
400
N
eu
tr
on
 c
ou
nt
s 
/2
00
s
 ζ=1
 ζ=1.1
 ζ=1.2
 ζ=1.3
 ζ=1.4
 ζ=1.5
T=18K
[0 0 ζ] direction
FIG. 11. Energy spectra measured in [00ζ] direction up
to the antiferromagnetic zone boundary, at T = 18K. Fits
correspond to calculated intensities using lorentzian functions
convoluted with the spectrometer resolution.
At Q=τ=(0,0,1), a large gap value, Ω0=1.86 meV at
T = 18K, is obtained. By increasing q along [001] (q
= Q-τ), the energy very weakly disperses as the in-
tensity decreases whereas the damping, roughly twice
larger than in the undoped case, moderately increases.
The energy saturates when approaching the zone bound-
ary Q=(0,0,1.5) and a lower energy mode belonging to
the low-energy spin wave branch is observed. This high-
energy branch has also been measured along the direc-
tion of propagation [110] starting from (110), which de-
fines the ferromagnetic coupling. There, only spin waves
with Q beyond (1.1,1.1,0) have a measurable intensity.
Therefore, the small q- range along this direction has
been studied starting from the antiferromagnetic Bragg
peak (111). The dispersion curve of this high energy
branch is reported in Fig. 14 by empty triangles along
the two symmetry directions. A fit of the dispersion using
a Heisenberg model with four first in-plane neighbor cou-
pling J1, ferromagnetic and J2, antiferromagnetic, along
[001], and with an effective single ion anisotropy C15,16,18
is also shown by a continuous line in Fig. 14. On the
same figure, results obtained for x < 0.1, and x = 0, are
also reported for comparison. The variation of J1 and J2
with doping is displayed in Fig. 24. It reveals a linear
variation for the two effective superexchange couplings,
showing the weakening of J2 and the strengthening of J1.
This linear variation J2(x) agrees pretty well with J2 =
0 at x = 0.125, where the antiferromagnetic Bragg peak
(001) disappears.
As a remarkable result, the gap Ω0 of this spin-wave
branch keeps the same value for all x (see Fig 14 and Fig.
22). This value is also the same, within our experimen-
tal accuracy, as that measured in Sr-doped samples19,33,
also reported in Fig. 22.
A-1-2) The low-energy branch.
For the case of the low-energy branch, the assignment
to the [110] or [001] directions is more difficult, since the
periodicities in the q space are the same along the two di-
rections (ferromagnetic character). It can be solved how-
ever, as long as the orthorhombicity of the structure is
measurable. In q//τ experiments, where the Bragg peaks
(002) and (110) are a center of symmetry for ω(q), the
assignment is made by performing +q and -q measure-
ments. If the center of symmetry is (002) (resp (110)),
the q direction is [001] (resp [110]). As shown in Fig. 12,
all the +q and -q magnons lie on a symmetric curve with
respect to q = 0, in the case where the (002) Bragg peak
is chosen as q origin.
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FIG. 13. Energy spectra of the low-energy magnetic exci-
tation along [0,0,ζ]. The energy integrated intensity S(q) of
this spin-wave branch is shown in the inset.
Exemples of energy spectra are shown in Fig 13, with
the energy-integrated intensity S(q) reported in the inset.
Therefore, the new feature, at this concentration, comes
from the fact that spin waves propagating along [110]
cannot be measured. Only propagation along [001] is
clearly observed up to the antiferromagnetic zone bound-
ary (cf Fig. 12). The difficulty to measure a dispersion
curve along [110], means that the intensity of the corre-
sponding excitations, superimposed to those propagating
along [001], exhibits a very fast decrease with increasing
q. Such a strong anisotropy of the spin wave intensity
has already been observed in a Sr-doped sample, where,
in absence of twinning, both directions could be unam-
biguously identified19. Thanks to a quantitative corre-
spondence between the correlation lengths deduced from
the static and dynamic spin correlations, the relation
with the anisotropic shape of the static clusters has been
clearly established. In the same way, we can relate the
anisotropy of the spin wave intensity S(q), in this x = 0.1
sample, to the anisotropy of the shape of the static clus-
ters, hidden here because of twinning (cf III). Within
this picture, the q-profile of the spin wave intensity, S(q),
(S(q) is proportionnal to the susceptibility) reported in
the inset of Fig. 13, with two distinct q-dependences, can
be interpreted as the superposition of the intensities of
spin wave propagating along both [110] and [001], charac-
terized by a steep and a slow q-dependence respectively.
The fit of S(q) with a sum of two lorentzian gives two cor-
relation lengths : ζ = 17A˚ and ζ = 5A˚. This anisotropy
is very similar to the anisotropy of the spin-wave intensity
observed in the twin-free Sr-substituted sample, which,
in this latter case, could be quantitatively compared to
the anisotropy of the cluster size19.
The whole q range of ω(q), along [001] can be fitted by
a cosine law, and the small q range, by a ω=Dq2+ω0 law
as in our previous studies. The fitted dispersion is re-
ported in Fig. 14 with experimental data, and compared
with the x = 0.05 and 0.08 cases. Values of ω0 and D are
reported in Fig. 22 and Fig. 23 respectively showing the
decrease of ω0 and the increase of D with x.
The comparison of the low-energy spin wave branches
reported for x=0.05, 0.08 and 0.1 in Fig 14 reveals that,
along [001] where intensity is measurable whatever x,
all the dispersion curves bend at the zone boundary
Q=(0,0,1.5), or q0=(0,0,.5) with the same energy value
ω(q0) ≈ 1.57 meV. This observation is the counterpart
of the other remarkable observation concerning the x-
independent gap Ω0 of the high energy branch, pointed
out above, in the description of the high-energy branch
(cf Fig 21). Both features reveal strongly non-linear ef-
fects with x.
The two spin dynamics are tightly coupled. Along [001]
they spread into two adjacent energy ranges, defining a
small forbidden energy gap (hatched area in Fig. 14). As
previously emphasized, they correspond to two types of
excitations of a single magnetic ground state, character-
ized above as a ”modulated AF canted ” state.
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low-energy spin-wave branch measured at (002.1) and (002.3).
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The phase diagram reported in Fig. 1 has pointed out
the existence of a ferromagnetic and insulating phase be-
tween TC = 138K and TCA = 112K, with a spin direc-
tion along b at TC rotating towards c below TCA, where
the antiferromagnetic long range order occurs. The tem-
perature evolution of the spin dynamics provides the op-
portunity to probe more deeply this ferromagnetic state.
The temperature evolution of the gap characteristic of
the high energy branch, measured at the antiferromag-
netic Bragg peak τ=(001), is shown by filled circles in
Fig. 15. It reveals a softening of this mode with a com-
plete renormalization at TCA. Above TCA, we still ob-
serve AF quasielastic spin fluctuations (energy spectra
centered at ω=0). By contrast, the magnetic excita-
tions of the low-energy spin wave branch measured close
to the ferromagnetic Bragg peak (002) are still well de-
fined at TCA and are fully renormalized at TC , without
any anomaly at TCA. This is shown in the same fig-
ure, where the temperature evolution of two modes, at
q=(002.1) and (002.3), are reported by open circles and
triangles, respectively. We conclude that the occurence
of the long-range ferromagnetic order at TC , is driven by
the ferromagnetic coupling revealed by the low-energy
branch only. In section II, we have outlined the simi-
larities of our phase diagram with the phase diagram of
de Gennes3. We check here that the small q-range spin
dynamics reflect also the mean field theory, whereas in-
homogeneous features appear at larger q.
B) x=0.125 and x=0.2:
The ferromagnetic and insulating phase
The concentrations x = 0.125 and x = 0.2 correspond
to the ferromagnetic and insulating state. Their spin dy-
namics, at low temperature, is described successively.
1) x=0.125.
The spin wave dispersions ω(q) for q along [001] and
[110] are reported in the right pannel of Fig. 16, and
in Fig. 17. The assignment of a dispersion curve to the
[001] direction of propagation is unambiguous, in spite of
twinning, and uses the same arguments as for x=0.1 (cf
Fig. 12). The assignment of the other dispersion curve
to the [110] direction, is a logical deduction.
The main result is the observation of a single spin wave
branch, as expected for a ferromagnetic state. The ex-
citations defining the AF superexchange coupling along
[001] at x<0.125 are not observed. This is what one
could expect from the linear variation of J2(x), where
J2 ≈0 at this concentration (Fig. 24)). This single spin
wave branch exhibits the same gap as that of the low-
energy spin-wave branch in the canted state described
above. Therefore, a continuity between x < 0.125 and
x = 0.125 is observed for the spin dynamics through the
low-energy branch. This observation rules out the idea
of a two-dimensional magnetic state at the disappearance
of the antiferromagnetism, that could be suggested when
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missing the low-energy spin-wave branch34.
The dispersion curve differs strongly along [001] and
[110], and exhibits some anomaly in both directions at
q0 = ((0,0,1.5) or (1.25,1.25,0)) as described now.
Along [001], the dispersion curve is very similar to the
low-energy spin-wave branch for x < 0.125. It bends with
a vanishing intensity at q0 =(0,0,0.5), the zone bound-
ary of the antiferromagnetic state, reaching the same x-
independent value defined for x < 0.125 (see the hori-
zontal dotted line in Fig. 16). In spite of the disap-
pearance of the antiferromagnetic coupling, the similar-
ity with x<0.125 in the dynamic susceptibility implies
the persistence of some feature, related to the vicinity of
the canted state. In the canted state, we have outlined
the tight connexion between the dynamic susceptibility
of the low-energy spin wave branch and the static cor-
relations defining the ferromagnetic clusters, attributed
to a charge segregation. At x=0.125, this persisting spin
dynamic feature may reflect a persisting charge segrega-
tion along [001]. The gap value and the stiffness constant
determined from a fit ω = ω0 + Dq
2, are reported in Fig.
22 and 23, respectively.
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FIG. 16. Comparison of the dispersion curves measured
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nel) and the x = 0.125 (right pannel). The two squared sym-
bols in the left pannel recall that these excitations have been
obtained around (111) instead of (110), where they have no
intensity. Continuous lines: see the text.
Along [110], ω(q) can be measured up to the ferromag-
netic zone boundary (1.5,1.5,0) as shown in Fig. 17, and
the dispersion appears anisotropic. The dispersion dif-
fers from that observed at x<0.125 specially at small
q where only the small gap value exists (see compari-
son with x = 0.1 in Fig. 17). This strong change at
small q suggests that, unlike [001] direction, ferromag-
netic platelets have percolated within the ferromagnetic
layers, in agreement with the observation of the diffuse
scattering (Fig. 10-b). The whole dispersion cannot be
fitted by a Heisenberg model with first neighbourg cou-
plings only or a single cosine law, unlike the case of the
high-energy branch at lower concentrations. Instead it
exhibits an ”S” shape, suggesting two different behaviour
depending on the lower or larger q ranges considered. In
addition, an anomaly appears at half the zone boundary
q0=(1.25,1.25,0) as seen in Fig. 17. This anomaly can be
understood either as a small spitting in the dispersion or
as a strong damping of these magnetic excitations, dis-
played in Fig. 18, where a discontinuity is observed at
this q0 value.
We mention that a similar anomaly has been reported
in La0.85Sr.15MnO3
23, at the same q0 value, indexed as
(0,0,2.5) however, and related to the occurence of the
new periodicity indicated by the odd-integer superlattice
peaks (0,0, 2l+1). However, the present observations are
thought to be related to the [110] direction only, instead
of [001], so that it cannot be explained by these additional
peaks. That will be discussed further with the x=0.2
case.
In spite of the abrupt change in the q<q0 low energy-
range, ω(q) for q>q0 is very comparable to the disper-
sion of the high-energy branch of the x = 0.1 sample
(see full and empty circles in Fig. 17). An analysis with
an Heisenberg model, in terms of SE coupling renormal-
ized by DE ( namely J1) agrees with the linear variation
determined for x<0.125. It is reported in Fig. 24.
For q < q0, a quadratic law for ω(q) determines a stiff-
ness constant with a much larger value than along [001],
outlining the anisotropic character of the ferromagnetic
coupling at this critical concentration.
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FIG. 17. Spin wave dispersion along [110] for x=0.125 (full
circles) and x=0.1 (empty circles).
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.
2) La0.8Ca0.2MnO3
At x = 0.2, where the transition TOO′ occurs very close
to TC (cf the phase diagram of Fig 1), the orthorhombic-
ity is too small for the (110) and the (002) Bragg peaks
to be resolved, and odd-integer (0,0,2l+1) Bragg peaks
are observed. However, for continuity with the x<0.2
concentration range, we still keep the Pbnm indexation.
The spin wave dispersion obtained at 14K is reported
in Fig. 19 for the two superimposed [001] and [110] direc-
tions, corresponding to the [100] direction when indexed
in the cubic cell.
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FIG. 19. Spin-wave dispersions determined at x=0.2 for q
along [110] or [001] directions using the orthorhombic unit cell
(edge of the small perovskite cube). The continuous line is
a guide for the eye. The dotted line shows the anti-crossing
behaviour for the two dispersion curves at q
′
0=(0,0,2.75). The
splitting into two modes at q0=(0,0,2.5) is suggested by the
jump in the energy-linewidth at this q value, reported in the
Fig. 21.
At this concentration, we first notice the same anomaly
at q0=(0,0,2.5) or (1.25,1.25,0) in the q variation of the
magnon energy-linewidth (Fig. 21) as in the x = 0.125
sample. As for x=0.125, the jump of the energy-linewidth
at this value suggests a splitting or a folding of the disper-
sion. However, since at this concentration the [001] and
[110] directions are superimposed, such an effect implies
the existence of an underlying periodicity for both the
[001] and the [110] directions, as provided by [0,0,2l+1)
and (l+0.5,l+0.5,0) Bragg peaks.
In addition, new features appears in the larger q range
where energy spectra reveal the existence of two types of
excitations. At q ≈ q0 and beyond, extra excitations are
observed at higher energy (≈ 22 meV), forming an optical
branch, with a growing intensity as q increases towards
the zone boundary. Concomitantly, the intensity of the
lower energy excitation decreases. Corresponding energy
spectra are shown in Fig. 20.
Excitations which the largest intensity allow to draw
a ” main” dispersion curve up to the zone boundary,
which, unlike the x = 0.125 concentration, is identical
for [001] and [110] directions. The whole isotropy has
been actually checked by spin wave measurements along
the two other main symmetry directions, [010] and [101].
This ”main” spin wave dispersion cannot be fitted with
an Heisenberg model using first neighborg coupling only.
According to the same analysis as above, for x=0.125,
the dispersion within the q<q0 range has been fitted us-
ing a quadratic law, determining a stiffness constant and
a gap values reported in Fig. 23 and Fig. 22 respectively.
In the same way as for x=0.125, the energy at the zone
boundary may be analysed in terms of a renormalized SE
coupling, J1, reported in Fig. 24.
The origin of the additionnal excitations or of the opti-
cal branch is very intringuing. The two dispersion curves
observed for q≥q0 could be interpreted in terms of an
anti-crossing behaviour between the acoustical and the
optical branch, related to the folding of the acoustical
branch at the reciprocal vector q
′
0=(0,0,2.75) (see the
dotted lines in Fig. 19). This could be explained by a
periodicity involving four cubic lattice spacings, such as
indicated by (0,0,l+0.5) Bragg peaks. However, no such
peaks have been found in this sample (cf section II). We
therefore conclude that, if new atomic correlations occur,
they have a short-range or a dynamic nature.
12
0 5 10 15 20 25 30 35
Energy (meV)
0
100
200
300
400
500
600
In
te
ns
ity
 (n
eu
tro
n c
ou
nt
s /
73
s)
Q=(0 0 2.9)
Q=(0 0 2.8)
Q=(0 0 2.7)
Q=(0 0 2.6)
Q=(0 0 2.5)
T=14K
FIG. 20. Energy spectra measured at x=0.2 along [110] or
[001], showing two modes for each q value. The dashed lines
correspond to a fit with two lorentzian functions convoluted
with the spectrometer resolution.
0.0 0.2 0.4 0.6 0.8 1.0
(0,0,ζ)
0
2
4
6
8
D
am
pi
ng
 (m
eV
)
x=0.2
T=15K
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C) Evolution of the dynamic parameters with x.
We report the evolution with x of all the parameters
defined from the spin dynamics.
a) Variation with x of the two energy gaps.
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spin-wave branches, versus Ca and Sr concentration. Filled
symbols: using the neutron technique15,17,19 at T=15K and34
at T=8K. Open symbols: using the antiferromagnetic reso-
nance technique33 at T<20K.
In Fig. 22, the variation with x of the two gaps, the
large one Ω0, associated with the excitations of the A-
type magnetic structure and of the small one ω0, associ-
ated with the low-energy spin-wave branch, are displayed.
On the same figure, measurements on both Ca and Sr-
doped samples obtained by neutron15,16,19,17,34 (filled
symbols) and by antiferromagnetic resonance33 (empty
symbols) are reported. Except for x = 0 where a small
discrepancy is observed between neutron data34,15 and
AF resonance technique33, the agreement of the data is
excellent, whatever the Ca-doped or the Sr-doped sam-
ples. Actually, the low-energy gap reported at x = 0
by antiferromagnetic resonance33, unresolved by the neu-
tron technique, cannot have the same meaning as ω0, re-
lated to the low-energy branch, which appears only by
doping.
Beyond the very small concentration range (x ≈ 0.02)
where the large gap Ω0 decreases fastly, two regimes may
be defined, the boundary being around the ferromagnetic
transition. (i) In the AF canted state (namely x < 0.125
for the Ca substitution and x < 0.1 for the Sr one ),
Ω0 is found to be x-independent . The same observa-
tion is found for the Sr-doped samples, showing the same
constant energy value. As outlined in IVA-1, this ob-
servation is associated with the existence of a forbidden
energy gap (hatched area) separating the energy range
of the two spin waves branches along [001] (cf Fig. 14).
These non-linear features with x, observed both at q = 0
and at q 6= 0, disagree with the usual picture of a mean-
field canted state. At q = 0, a monotonous decrease
of the large anisotropy gap, Ω0, associated with the an-
tiferromagnetic structure, is expected33, instead of an
x-independent behaviour. Moreover, in such a model,
the two spin-wave branches would cross each other along
[001] at q = (0, 0, 1.5), instead of keeping in separated
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energy range as shown in Fig. 14.
As concerning ω0(x), it fastly decreases up to x = 0.1,
and very slowly decreases beyond, in the ferromagnetic
insulating state. Comparison with Sr substitution, indi-
cates that ω0(x) is shifted at larger x for Ca than for Sr.
in agreement with the experimental fact that Sr induces
a stronger ferromagnetic character than Ca.
b) Evolution of the stiffness constant D with x.
In Fig. 23, we have reported the variation D(x), ob-
tained for 7 single crystals (x=0.05, 0.08, 0.1, 0.125, 0.17,
0.18, 0.2), deduced from a fit with a quadratic law along
[110] or [001] in the small q range only. It shows three
regimes. For x < 0.125, the fit corresponds to the small
q-range of the lower energy branch which is isotropic.
Since the corresponding spin wave susceptibility reflects
the anisotropic form factor of the ferromagnetic clusters
(platelet), this isotropy is surprising. Likely, the stiffness
constant D may reflect a mean coupling, which would in-
volve the magnetic coupling both inside the clusters and
between the clusters through the canted magnetic state
of the hole-poor medium.
At x = 0.125, where a single spin wave branch is ob-
served, the dispersion differs along [001] and [110]. The
step-increase observed along [110], corresponds to the col-
lapse between the two spin wave branches into a single
one, whereas the low value of D along [001] is in perfect
continuity with the evolution of the low-energy spin-wave
branch. As discussed previously, the absence of change in
the long distance ferromagnetic coupling along [001] and
the abrupt increase of this coupling along [110], agree
with a picture of percolation of the platelets occuring in
the ferromagnetic layers only. This implies a persisting
spin disorder from one layer to the neighbour one. At
x=0.175 and beyond, far from the canted state limit, D
appears as isotropic. Interestingly, a continuity of D(x)
could be suggested, when fitting the whole variation by
a quadratic function of x.
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FIG. 23. Stiffness constant determined from the low-energy
spin-wave branch versus Ca concentration. The values at
x = 0.17 and 0.18 are deduced from a preliminary study.
c) Evolution of the ”effective” superexchange constants
with x.
In Fig. 24, the ferromagnetic coupling J1 and the an-
tiferromagnetic coupling J2 are reported as a function
of x. For x < 0.125, J1 and J2 are deduced from the
high-energy branch along [110] and [001] directions re-
spectively, whereas for x> 0.1, J1 is deduced from the
energy around the zone boundary of the Brillouin zone
of the ferromagnetic state. A linear variation is observed
with x. It yields J2≈ 0 close to x = 0.125, in agreement
with the observation of a single ferromagnetic spin-wave
branch at this concentration (cf above). The renormal-
ization of SE coupling by hole doping agrees very well
with the theoretical work of Feiner and Oles35. However,
since it does not account for the canted state, this model
leads to a 2-d behavior at some concentration (J2=0) and
to J2>0 beyond. By contrast, we show the continuous in-
crease of the 3-d ferromagnetic coupling with x through
the ferromagnetic low-energy branch.
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FIG. 24. Ferromagnetic coupling J1 and antiferromagnetic
coupling J2, associated with SE type of coupling (see the text)
as a function of Ca concentration.
VI. CONCLUSION
The three studied concentrations x = 0.1, 0.125 and
0.2, described in this paper, characterize three distinct
steps in the evolution of the magnetic ground state to-
wards the insulator-metal transition.
The x=0.1 sample exhibits the same original proper-
ties reported in the very low-doping regime (x = 0.05 and
0.08), i. e. an additionnal spin wave branch of ferromag-
netic character and a static diffuse scattering, charac-
teristic of ferromagnetic inhomogeneities in interaction.
The new observation here, is the strongly anisotropic q
dependence of the intensity of the low-energy spin wave
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branch. This may be related to the two-dimensional (2-
d) character of the ferromagnetic clusters, or platelets.
This feature, readily observed in the diffuse scattering of
a free-twin Sr doped sample19, is difficult to observe in
the static diffuse scattering reported here because of the
twinning. These 2-d ferromagnetic clusters are embed-
ded in an average canted state. The proposed analysis
of the diffuse scattering which yields a density of clusters
much smaller than the density of holes, suggests a charge
segregation. This charge segregation picture differs from
the phase separation picture , with antiferromagnetic and
ferromagnetic states, predicted by the theory5–9,4. A
description in terms of modulated canted state is the
most appropriate. We outline, however, the unusual q-
dependence of the spin-waves, which appears to be spe-
cific of this canted state induced by charge doping.
The x = 0.125 sample is the limit where the antifer-
romagnetism of the A-type structure disappears. This
ferromagnetic state results from two evolutions with x,
occuring concomitantly: a linear decrease of the anti-
ferromagnetic coupling of SE type, J2 where J2 ≈0 at
x = 0.125 (homogeneous process) and, as revealed by
the diffuse scattering, the growth of the ferromagnetic
clusters, suggesting a kind of percolation of the hole-rich
clusters at this concentration (inhomogeneous process).
This magnetic percolation does not coincide with the per-
colation for transport properties (metallic state), since
an insulating behaviour is still observed at low temper-
ature. At this concentration, the spin dynamics consists
of a single spin wave branch, as expected for a ferro-
magnet, but with an anisotropic dispersion. From the
inhomogeneous picture derived at smaller concentration,
this anisotropy could be explained by the percolation of
the platelets occuring in the basal plane only (2-d per-
colation). Whatever, in the DE picture, this anisotropy
implies some persisting spin misalignment between one
layer and its neighbour ones.
In addition, an anomaly is observed along [110] at q0 in
the spin wave dispersion, corresponding to half the zone
boundary.
In the x=0.2 sample (nominal concentration), the spin
wave dispersion appears isotropic. The anomaly observed
at q0, as for x=0.125, is now assigned to the two su-
perimposed [001] and [110] directions. For the direction
[001], such an anomaly could be related to the new struc-
tural periodicity indicated by the odd-integer [0,0,2l+1]
peaks, which involves two cubic lattice spacings. How-
ever, no explanation can be found for the [110] direction
where such peaks are not observed. Therefore, we can-
not exclude another origin, occuring both along [110] and
[001]. Interestingly, a recent spin wave calulation38, has
shown the importance of the antiferromagnetic coupling
between the localized t2g spins of the Mn for the calcu-
lation of the spin-waves. This antiferromagnetism could
explain the underlying periodicity. Whether this theoret-
ical work, which describes the metallic state, may have
any relevance very close to the metallic sate, remains to
be clarified.
The newest feature at this concentration is however
the observation of additional excitations or of an optical
branch at larger q and larger energies. This observa-
tion suggests an anti-crossing behaviour or a folding of
the acoustical branch at the reciprocal vector of the type
(0,0,2.75). Such a feature could be explained by an ad-
ditional periodicity involving 4 lattice spacings, giving
rise to superstructures at Q=(0,0,l+0.5). However, as
emphasized in section II, these peaks have not been ob-
served in this sample. We mention that these peaks have
been actually observed in Sr-substituted samples with
x=0.12537 below the low-temperature structural transi-
tion called TO′O” or TB in the present study. A subse-
quent work using X-ray resonant scattering14, describes
this new structural distorsion in terms of a new orbital
ordering. Due to the strong similarity usually found
between Sr and Ca substitution, a structural distorsion
could also exist here, but on a short-range scale or with a
dynamic character, so that no Bragg peak intensity could
be detected. The splitting or the anti-crossing feature
also suggests that the magnon excitations are interacting
with other excitations, magnetic or not. A physical pro-
cess of magnon-phonon coupling has been suggested by
Furukawa39 in these systems, whereas other authors40,41
have proposed a coupling between magnon and orbital
excitations. Although proposed to explain the anomalous
softening of magnon observed in the metallic state42, such
a coupling can be expected also in the present case where
at low temperature the ”reentrant” structural transition
indicates a disordered orbital state. Only a neutron study
with polarised neutrons will unambiguously define the
true nature, purely magnetic or not, of these additional
excitations. Finally, the evolution of the spin dynam-
ics with temperature, specially below TB where the re-
entrant structural transition is observed, will be also im-
portant for a deeper understanding of this complex mag-
netic state. It will be reported in a forthcoming paper.
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